The Trapezoidal Dielectric Resonator Antenna I. INTRODUCTION D IELECTRIC resonator antennas (DRAs) were first introduced by Long et al. [1] in 1983. Before that, the high unloaded Q-factors of the dielectric resonators (DRs) made them very useful for various filter applications in microwave circuits. It was observed, however, that DRs placed in open environments had lower-order modes that exhibited low radiation Q-factors and therefore high "radiation losses." This led to the first dielectric structures being used as radiating elements. Since then, DRAs have received increasing attention due to their inherent attributes of low dissipation loss, high radiation efficiency and low mutual coupling in array configurations. Moreover, their high permittivity contributes to a significant reduction in their size, making them compact and light. The DRA versatility in shape and feeding mechanism gives the antenna designers the freedom to choose between many different options in order to obtain desired radiation characteristics such as linear or circular polarization and broadside or monopole-like radiation patterns. Finally, compared to the microstrip antennas, DRAs exhibit lower radiation Q-factors and thus wider impedance bandwidth.
The DRA geometry in combination with its feeding scheme defines the radiation characteristics of the antenna. A simple dielectric rectangular parallelepiped excited through a coaxial probe or a slot can exhibit broadside, linearly polarized radiation characteristics, provided it is excited in its fundamental mode [2] . Similar characteristics are obtained if the fundamental mode of the cylindrical DRA is excited [3] , while some higher order modes exhibit patterns with a null in the broadside direction . Circular polarization is also very easily attainable, provided the DRA shape and the coupling scheme lead to the excitation of two degenerate orthogonal modes with 90 phase difference between them [4] , [5] .
Besides optimizing radiation characteristics and polarization purity, DRA designers are also faced with widening the bandwidth. Modern communications set the bandwidth requirements very high and DRA technology needs to keep up with them. Recent efforts towards this objective demonstrate impedance bandwidths ranging between 30% and 60% [6] [7] [8] for broadside patterns. In [6] , an aperture coupled flipped staired pyramidal DRA exhibits an impedance bandwidth of 62% and broadside radiation patterns. In [7] , the lower-order and modes of the rectangular DRA (RDRA) are excited at nearby frequencies through a strip while in [8] , the fundamental mode of the cylindrical DRA and the slot modes of the double-bowtie feeding scheme are combined in order to achieve wider impedance bandwidth. In those latter DRA geometries, the radiation patterns remain broadside and the polarization is of high purity for the entire frequency range of interest due to the horizontal-magnetic-dipole-like radiation of the resonant modes. Finally, a hybrid antenna consisting of an annular DRA combined with a quarter-wave monopole demonstrates 100% bandwidth and monopole-like patterns [9] .
In this work, the properties of the probe-fed trapezoidal dielectric resonator antenna are investigated. The dielectric trapezoid can be treated as a geometrical extension of the dielectric rectangular parallelepiped and therefore the lowest-order mode of the trapezoid can be regarded as a pseudo mode. This pseudo mode exhibits similar radiation characteristics but a different radiation Q-factor as the mode of the RDRA. In the case of the inverted trapezoidal DRA (Fig. 1) , the radiation Q-factor of the lowest-order mode is lower and hence the impedance bandwidth wider. This operational concept can be extended to higher order modes, so that a very wide operational bandwidth can be obtained. The resulting antenna consists of a rigid, easy to fabricate dielectric resonator using the very simple coaxial probe as a feeding scheme. A prototype has been fabricated and measured, to validate the results of the simulation.
The antenna proposed here is based on an operational concept similar to that of the flipped staired pyramidal DRA presented in [6] . However, the present device appears simple to design and 0018-926X/$25.00 © 2008 IEEE convenient to realize. The antenna shown in [6] involves producing three different rectangular slabs, aligning them so that they will be centered and ensuring no air gap between them. In addition, the design of such an antenna at another frequency band might encounter some difficulties, because the type and the properties of the modes excited are not clearly identified. In the DRA proposed here, the dielectric resonator shape is a simple trapezoid with constant width and height and the excited modes are very similar to the RDRA modes, as it will be shown in Section II.
The paper is organized as follows. In Section II, the trapezoidal DRA is compared to the dielectric rectangular parallelepiped in their lowest-order mode. The similarities and differences of the two geometries are discussed, while the advantages of the trapezoid over the rectangle are highlighted. Section III demonstrates the design of a very wideband linearly polarized (LP) trapezoidal DRA, whose wide bandwidth is the result of the excitation of pseudo and modes at slightly offset frequencies. Finally, Section IV summarizes the results of the investigations conducted here.
II. THE DIELECTRIC PARALLELEPIPED VERSUS THE TRAPEZOID
The probe-fed RDRA has been the subject of extensive investigations in the past ( [2] and [7] ). If operated in its fundamental mode, a DRA exhibits an impedance bandwidth of about 10%-15% (for a permittivity of about 10), high efficiency, low cross-polarization and broadside radiation patterns. The resonant frequency of the mode can be easily determined through the waveguide model method. The corresponding transcendental equation can be found in theory [10] .
A careful consideration of the trapezoidal DRA geometry ( Fig. 1 ) leads to the observation that the depicted trapezoid is a generalization of the rectangular parallelepiped. In other words, provided that the height and the width of the trapezoid are constant, the trapezoid becomes a rectangular parallelepiped, if its lengths and are chosen to be equal. To compare the operation of the rectangular and the trapezoidal DRAs when excited in their lowest order mode, these geometries were investigated numerically and experimentally. The numerical analysis was performed using the commercial full-wave analysis tool Ansoft HFSS employing the finite element method (FEM). Fig. 1 illustrates the geometry of the considered DRAs, which were probe-fed trapezoids of dielectric constant , height and width . The lengths and were varied according to the relations and , where . In all TRAPEZOIDS WITH a = 9 mm, w = 6 mm, h = 7:6 mm AND " = 10 those geometries the total volume of the dielectric remains unchanged.
The results of the numerical analysis are summarized in Table I , where the DRA resonant frequency (zero-crossing of the input reactance) and fractional bandwidth are given for different values of . It can be observed that an increase of from to 3 (in other words, a geometrical change from the regular trapezoid to the rectangular parallelepiped and then to the inverted trapezoid) results in a monotonous increase of the resonant frequency and of the fractional bandwidth for the lowest order mode. Therefore, the inverted trapezoidal geometry exhibits a significantly wider operation band compared to the rectangular parallelepiped and the regular trapezoid . This can be explained through the observation that in the inverted trapezoids the field lines are not well confined inside the dielectric resonator and therefore the radiation Q factor is bound to be smaller.
The bandwidth enhancement achieved through the inverted trapezoids has certain limitations. First, for the same volume of the dielectric resonator, the inverted trapezoidal DRAs resonate at higher frequencies and thus are electrically larger. Second, the asymmetry of the trapezoidal DRA in the xz plane (Fig. 1) , leads to less symmetrical radiation patterns in the E-plane. To demonstrate this, Fig. 2 illustrates the dependence of the radiation patterns (E-plane) asymmetry on at the frequency of the lowest order mode excitation. The dimensions , and of the trapezoid are the same as before. The asymmetry of the radiation patterns in the E-plane is defined as the ratio (expressed in dB) of the DRA's gain at the elevation angles and from broadside, with ranging from 10 to 70 . It is worth mentioning here that the H-plane patterns are not affected by the trapezoidal shape, since the width of the trapezoid remains constant. Therefore, the patterns in the H-plane remain symmetrical.
As observed in Fig. 2 , the asymmetry of the E-plane patterns increases with . The more the DRA geometry deviates for the rectangular parallelepiped, the more asymmetrical the patterns become, especially at elevation angles above 60 . It needs to be underlined that even in the case of the RDRA , a small asymmetry of approximately 0.5-1.5 dB is encountered, although perfectly symmetrical patterns in both the E-and Hplanes should be expected. This is caused by the asymmetry introduced by the probe feeding. A different feeding scheme, for instance a slot coupled by a microstrip, would yield more symmetrical patterns. In the present work, however, the probe was chosen mainly because of its simplicity.
It is now clear that the lengths and cannot be chosen arbitrarily in order to obtain a large impedance bandwidth, as the asymmetry in the radiation planes must also be taken into consideration. However, the tradeoff is not dramatic. Even a small deviation from a rectangular to an inverted trapezoidal shape can lead to a substantial increase in the impedance bandwidth, without significantly deteriorating the radiation characteristics. It should be emphasized that this is achieved while using a very common feeding scheme and a DRA geometry that is very simple and easy to manufacture.
To further illustrate the advantages of the inverted trapezoidal DRA, a trapezoid with dielectric constant and dimensions , , , is chosen. According to Table I , this trapezoid is resonant at 8.19 GHz in its lowest order mode. In order to obtain operation at 7.52 GHz, where the RDRA is also resonant, a number of different approaches can be used. The approach of increasing the dielectric constant of the DRA is not suitable, since the higher would result in a higher radiation Q factor and therefore in a smaller bandwidth. The increase of just one of the dimensions of the DRA is also not considered due to the change of the ratios between the height, the width and the lengths of the trapezoid. Such an aspect ratio change is bound to alter the DRA operation, as it has already been shown for the canonical geometries [11] . The most suitable approach is to scale the trapezoid, so that it resonates at the desired frequency while the rest of the antenna characteristics remain unaltered. The finalized trapezoidal DRA has a dielectric constant of and dimensions , , and . A prototype was manufactured and compared to the RDRA with dimensions , and , as specified in Table I . Fig. 3 depicts the measured return loss and the measured input impedance of the two DRAs versus frequency. Both antennas are resonant at approximately 7.4 GHz (defined through the zero-crossing of the input reactance), indicating a 1.6% error from the numerically expected resonant frequency of 7.52 GHz. The RDRA exhibits a measured impedance bandwidth of approximately 11.9%, which is almost half the bandwidth of 22% obtained by the trapezoidal DRA (19% was expected from the simulations). The bandwidth enhancement for the trapezoidal DRA does not come along with a significant change in the operation of the lowest order mode, compared to the RDRA. To demonstrate that, the measured broadside gain versus frequency for both DRAs and their measured radiation patterns at 7.4 GHz (E-and H-planes) are illustrated in Figs. 4 and 5, respectively. It can be observed that the measured broadside gain of the two DRAs differs by less than 0.3 dB in the frequency range between 7 and 8.5 GHz. In addition, their patterns at the frequency of excitation of their lowest-order mode (7.4 GHz) show an identical horizontal-magnetic-dipole-like operation. The sole difference is that the E-plane patterns of the trapezoidal DRA exhibit an asymmetry, which however does not exceed 2-3 dB, even at large elevation angles.
Based on the above considerations, it is therefore clear that the lowest-order mode of the trapezoidal DRA has very similar characteristics with the mode of the RDRA. However, since the lowest-order trapezoidal mode does not abide by the transcendental equation for the mode [10] , it will be called pseudomode. To illustrate the generality of using an inverted trapezoid instead of a rectangular parallelepiped for bandwidth enhancement, a numerical investigation is carried out for DRAs of various dielectric constants. The objective is to make the DRA electrically smaller by increasing its dielectric permittivity . Since this will result in the decrease of the DRA's impedance bandwidth [10] , it is important to look into the impedance bandwidth achieved through the inverted trapezoidal shape compared to the parallelepiped. The results of this investigation are summarized in Fig. 6 , where the fractional bandwidth of the rectangular and the trapezoidal DRAs is plotted versus their dielectric constant for a fixed operation at 7.4 GHz. The dimensions of the rectangular and the trapezoidal DRAs are , , and , , , respectively. The constant is a scaling factor, denoting the decrease in the DRA dimensions when the dielectric constant is increasing beyond the reference value of . Fig. 6 also includes the plot of the relative trapezoidal DRA volume compared to the volume of the original RDRA. This relative volume is plotted as a function of the dielectric constant for an operation at 7.4 GHz.
It is observed in the graph that the increase of the DRA dielectric permittivity leads, as expected, to the reduction of the fractional bandwidth. However, for all values of dielectric constant, the bandwidth obtained for the inverted trapezoid is at least 1.5 times larger than for the rectangular parallelepiped. As an example, the RDRA of permittivity and dimensions , , exhibits an impedance bandwidth of 11.4%, whereas the trapezoid of the same permittivity and dimensions , , , (1.33 times bigger in volume than the parallelepiped) is by almost 70% more wideband at the same frequency of operation. It is interesting to observe here that the same bandwidth as of the RDRA can be obtained with a trapezoidal DRA of permittivity and with just 72% of the RDRA volume. It is thus obvious that for a certain frequency of operation and a predetermined required impedance bandwidth, size reduction can be achieved through the trapezoidal shape.
III. WIDE-BAND TRAPEZOIDAL DRA
The use of an inverted trapezoidal DRA has been demonstrated to be very advantageous compared to a RDRA on the criterion of the impedance bandwidth. In fact, with a suitable choice of the lengths and (Fig. 1) of the trapezoid, a bandwidth reaching or even exceeding 30% can be obtained. This, however, also results in asymmetrical E-plane patterns, which further deteriorate as the length becomes much larger than . One way to achieve a very wide impedance bandwidth without sacrificing well-behaved radiation characteristics is to employ the design concept introduced in [7] . In this paper, a simple strip-fed RDRA achieves an impedance bandwidth of around 42% by the careful optimization of the dielectric parallelepiped. It is well known from theory that the and the modes of the rectangular parallelepiped have similar radiation characteristics. Therefore, by properly designing the RDRA it is possible to excite the aforementioned two modes at slightly offset frequencies and hence to obtain a large operational bandwidth for the DRA.
A similar technique can be implemented for the inverted trapezoidal DRA, so that both the pseudo and the pseudo modes will be resonant at nearby frequencies. This is possible by simply increasing the height of the trapezoid with respect to its other dimensions. Figs. 7 and 8 depict two different implementations for wideband trapezoidal DRAs. In Fig. 7 , a simple trapezoidal DRA is illustrated having a dielectric constant and dimensions , , and . The DRA is fed through the center conductor of an SMA connector, which is protruding out of a small hole in a metallic plate of dimensions 140 mm 120 mm. The probe is situated in the middle of the narrow side of the dielectric resonator and it has a length , optimized for best matching. The dependence of the matching on the probe length is shown in Fig. 9 , where the return loss of the trapezoidal DRA is plotted against frequency for various values of . For a probe length the -10 dB impedance bandwidth becomes approximately 59%. The measured return loss in this case is in close agreement with the simulation.
A mechanically more stable version of the trapezoidal DRA is depicted in Fig. 8 . The DRA consists of two parts; a trapezoid of dielectric constant and dimensions , , and and a plate of triangular cross-section with a dielectric constant and length , width and height that complements the rectangular shape. The feeding probe has . The most important advantage of the new geometry is that the DRA is more rigid, since instead of a trapezoid, there is a rectangular parallelepiped now residing on the groundplane. This mechanical improvement does not come along with a cancellation of the wide bandwidth connected to the inverted trapezoidal geometry. The reason is that the dielectric constant of the triangular section is very low. This also results in the two DRAs of Figs. 7 and 8 operating in very similar ways. For the sake of brevity we will then concentrate on the DRA illustrated in Fig. 8 .
A prototype of the mechanically stable trapezoidal DRA has been fabricated and measured. The plots of the return loss and the input impedance versus frequency are illustrated in Fig. 10 , exhibiting an acceptable agreement between numerical and experimental results. The small discrepancy observed is most probably due to fabrication tolerances and the large standard deviation in the dielectric constant of the trapezoid . Fig. 10 displays, in addition to HFSS simulations, a numerical analysis performed with an in-house developed finite-volume time-domain (FVTD) solver [12] . The FVTD method combines an explicit time-stepping with a tetrahedral discretization. The agreement between the results from the two very different computational methods (time-domain versus frequency-domain, different in-cell approximations, different tetrahedral meshes) is striking and dissimilarities are only observed at high frequencies. This confirms that the small discrepancy between simulations and measured results can most likely be attributed to fabrication tolerances. As observed from the input impedance curves, the trapezoidal DRA owes its 62% impedance bandwidth (6.8-13 GHz) to the excitation of three modes: the , the and a higher order mode. The first two modes are intentionally excited at nearby frequencies due to their similar radiation characteristics. To determine whether the operational bandwidth of the DRA can also include the third mode, the broadside gain of the DRA needs to be considered. Gain measurements are depicted in Fig. 11 , giving a better insight to the DRA operation. In the frequency range between 6.8 and 9.5 GHz the mode is dominant, resulting in broadside operation with a gain of around 3 dBi. At 10 GHz the mode is excited; this leads to a broadside gain of 4-6 dBi. Finally, the excitation of the third mode at approximately 12 GHz results in the rapid decrease of the broadside gain. Since well-behaved broadside DRA operation is desired, only operation up to around 12.2 GHz is considered. Thus, the operational bandwidth of the DRA can be finally estimated to 57%, with stable broadside patterns and good polarization purity. The radiation patterns of the previously presented trapezoidal DRA are depicted in Fig. 12 at frequencies 8.0 and 10.5 GHz. The radiation is broadside within the entire operational bandwidth and the cross-polarization remains below for a wide range of elevation angles . The minor ripples at around in the E-plane are the result of diffraction effects due to the finite size of the groundplane. Finally, the H-plane patterns are, as expected, perfectly symmetrical for all frequencies, whereas the E-plane patterns become less symmetrical with increasing frequency. This asymmetry can be kept, however, within acceptable limits when considering the design procedure described in Section II.
To further account for the gain drop above 12.2 GHz, the Eand H-plane patterns of the trapezoidal DRA are illustrated in Fig. 13 at frequency 12. 3 GHz. It can be observed that the patterns of this mode are characterized by an increased asymmetry in the E-plane due to the trapezoidal shape, higher levels of cross-polarization and some ripples at around . The broadside gain of this third mode is lower than of the mode and it decreases further as the frequency increases. This is most probably due to the further deterioration of the E-plane patterns symmetry and the increase of the cross-polarization at higher frequencies.
IV. CONCLUSION
A probe-fed trapezoidal dielectric resonator antenna has been investigated theoretically and experimentally. The advantages of such a geometry compared to a RDRA were highlighted, and the tradeoff between bandwidth and asymmetry of the radiation patterns was discussed. Finally, two versions of a wideband trapezoidal DRA were proposed, exhibiting a simple but insightful design, impedance bandwidth exceeding 55% and very well behaved radiation patterns.
